ABSTRACT: Co-crystals of organic semiconductors can provide model systems for the study of fundamental optoelectronic properties and also new functionality. 6,13-Bis(triisopropylsilylethynyl)pentacene (TIPS-Pn) and its fluorinated analogue 1,2,3,4,8,9,10,11-octafluoro-bis(triisopropylsilylethynyl)pentacene (F8TIPS-Pn) form crystalline substitutional alloys during bulk crystal growth from solution. Alloys can also be formed by blade casting thin films from solution. The compounds appear to have sufficient geometric similarity to be miscible in all proportions without inducing long-range disorder in the solid state. The offsets of the electronic levels of TIPS-Pn and F8TIPS-Pn in pure form are similar to those found in bulk heterojunction solar cells. UV/ vis spectroscopy and density functional theory demonstrate the charge transfer absorption in the alloy crystals corresponds to an excitation across molecular pairs.
■ INTRODUCTION
Organic semiconductors are frequently blended with other organic materials to form solids with functional properties, such as in blends of electron donors and acceptors that lead to bulk heterojunction solar cells. 1 More broadly, donor/acceptor (D/A) complexes of organic compounds have been studied for their unusual electronic and photophysical properties. 2 In a donor−acceptor complex, an electronic transition from a neutral D/A pair to a state with either partial or full charge transfer leads to the characteristic "charge transfer" absorption. 3 Electronic donor−acceptor interactions are particularly important in the solid state to form conductors, such as the TTF-TCNQ complex, 4, 5 and recently to form mixed crystals with ambipolar charge transport. 6−8 Improving our understanding of how to control crystallization of pairs of materials and their resulting properties will help in the development of new alloys with enhanced properties for an array of applications.
Mixed crystals and co-crystals with and without charge transfer interactions have been studied to understand the fundamental processes in crystallization and to develop new functionality. In general, two organic compounds with sufficient geometric similarity are potentially miscible in the solid state and are capable of forming crystals with variable composition (referred to as either an alloy, mixed crystal, or solid solution). 9 The addition of a second component may lead to changes in crystal habit or polymorph selection, which are important considerations in pharmaceutical research.
10−12 Historically, dye inclusion crystals were useful in studying crystal growth mechanisms and solid solutions. 13 Mixed crystals may also exhibit physical properties that differ from the parent compounds; in energetic materials, the co-crystallization can lead to improved stability and safer handling. 14−16 These studies have provided significant insight into design rules to control crystallization of organic materials.
In organic electronics, the addition of a second component to form a solid solution provides a means to introduce functional guests that can act as dopants, engineered charge trapping sites, or emissive guests. Currently, the most technologically relevant solid solutions of organic semiconductors are in organic light emitting diodes (OLEDs), where a small concentration of an emissive guest is dissolved in a conductive host matrix. 17, 18 Model systems as Bridgmangrown crystals of anthracene doped with tetracene or acridine were used to determine trap levels and provide experimental support to charge transport models. 19, 20 Pentacene and perfluoropentacene have been coevaporated to produce thin films to study donor−acceptor interactions and structural ordering. 21 Solution-processed thin films of substituted fluorinated anthradithiophene derivatives with various additives have been used to study photoexcited charge carrier dynamics. 22 Many of these studies include characterization of either thin films or single crystals, but rarely both. While single crystals enable structure determination, thin films are more relevant to device applications and may feature different polymorphs or disorder not observed in single crystals. 23, 24 We sought to form a mixed crystal comprising materials with offsets in electronic levels similar to those observed in wellperforming organic solar cellsaround 0.3 to 0.5 eV between the electron affinity of the donor and acceptor with a comparable offset in their ionization energies. 1 To this end, we have selected the organic semiconductors 6,13-bis-(triisopropylsilylethynyl)pentacene (TIPS-Pn) and 6,13-1,2,3,4,8,9,10,11-octafluoro-bis(triisopropylsilylethynyl)-pentacene (F8TIPS-Pn), shown in Figure 1 . TIPS-Pn has been widely researched as a thin-film transistor material because it can be easily processed from solution, leading to thin films with high charge carrier mobility. 25 F8TIPS-Pn, an isostructural derivative, is also highly soluble and can be processed from solution, and has been investigated as an electron acceptor in solar cells. 26 We find that these materials co-crystallize into alloys efficiently, allowing for large single crystals suitable for full determination of the molecular packing structure, and they also co-crystallize in thin films.
■ RESULTS AND DISCUSSION
Alloying of TIPS-Pn and F8TIPS-Pn in Single Crystals. The bulk structures of both TIPS-Pn and F8TIPS-Pn have been reported. 26, 27 The two compounds are chemically similar, and both pack in a β-motif, in which only cofacial interactions are present between neighboring acene cores (Figure 2) . 28 The largest difference between the two structures is that there are two molecules in the unit cell of F8TIPS and one in the unit cell of TIPS-Pn (Table S1 ). Although both are triclinic, P1̅ , an inversion center is present in the center of the single molecule in the TIPS-Pn unit cell, but the F8TIPS-Pn acene core deviates slightly from planarity. Thus, two molecules compose the F8TIPS-Pn unit cell, and the requisite inversion center for space group P1̅ lies between them. The carbon atom density per unit cell volume is very similar for the two compounds TIPS-Pn contains 0.046 carbon atoms per Å
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, and F8TIPS-Pn contains 0.045 carbon atoms per Å 3 . We sought to determine if TIPS-Pn and F8TIPS-Pn would co-crystallize from solution, as we would expect on the basis of their structural similarity.
Slow evaporation of a chloroform solution containing TIPSPn and F8TIPS-Pn produced mixed crystals of sufficient size (generally, several hundred microns on a side) for structure determination using single-crystal X-ray diffraction. Pure crystals containing solely TIPS-Pn or F8TIPS-Pn were not observed after growth from a mixed solution. Changing the relative proportions of TIPS-Pn to F8TIPS-Pn allows control over the composition of the mixed crystals, but crystals grown from the same solution exhibit some variation in composition. We verified the composition of the mixed crystals by dissolution and analysis by HPLC using 10 mixed crystals from a particular growth run (this data is shown in Figure S1 ). We found ∼10% deviation in the fractional composition of F8TIPS from crystal to crystal; for example mixed crystals contained an average of 60% F8TIPS-Pn when the growth solution contained 50% F8TIPS-Pn. This can be attributed to the lower solubility of F8TIPS-Pn.
The single mixed crystals provided X-ray scattering data of sufficient quality to determine that the materials are random alloys. Splitting of individual reflections, which would indicate phase separation of TIPS-Pn and F8TIPS-Pn into separate domains, was not observed. Fluorine and hydrogen atoms in the terminal rings of the acene (as well as the carbon atoms to The Journal of Physical Chemistry C Article which fluorine and hydrogen are bonded) were assigned partial occupancy during crystal structure refinement. After refinement, the variable indicating the partial site occupancy factor for the fluorine atoms was taken to indicate the fractional composition of F8TIPS-Pn in the crystal. This value corresponded well to the NMR data ( Figure S2 ). At very high fractional composition of F8TIPS-Pn, the molecular packing of the alloys closely resembles that observed in pure F8TIPS-Pn. As the proportion of TIPS-Pn in the crystals increases, the packing of the molecules in the alloy crystals becomes like TIPS-Pn, with one molecule in the unit cell. Rotational disorder is observed in the isopropyl groups, and refinement of the disorder reveals that a minority of the isopropyl groups occupy sites 60°from the positions in which the majority lie. At compositions with less than 50% F8TIPS content, this freedom is no longer present because the molecules pack more tightly with increased TIPS-Pn loadingthat is, the unit cell volume decreases. The carbon atom density per unit cell volume of the mixed crystals is almost identical to that of the parent compounds (0.045−0.046 carbon atoms per Å 3 ). The intermolecular interactions and packing are of interest for understanding the electronic structure of donor−acceptor interactions in solids. Benzene and perfluorobenzene are known to form complexes in the solid state. 29 Despite the fact that single crystals of benzene and single crystals of perfluorobenzene feature herringbone packing (edge-to-face interactions), mixed crystals of the two molecules exhibit only cofacial interactions, and the molecules alternate within a columnar stack. 30 This is attributed to the quadrupole moments of the two molecules, which are similar in magnitude but opposite in phase 31 by some and due to electrostatic interactions between the ring and substituent by others. 32, 33 The highly electronegative fluorine substituents in perfluorobenzene withdraw electron density to the periphery of the ring; this leaves a positive electrostatic potential in the center of the ring, which interacts with the negative electrostatic potential above and below the plane of the benzene ring adjacent in the stack. 32 This alternant columnar stack motif is not limited to benzene and perfluorobenzene, but has also been observed in other mixtures of arenes and perfluoroarenes. 34, 35 For example, pentacene and perfluoropentacene both crystallize with herringbone packing motifs. 36 The 1:1 mixed phase of pentacene/perfluoropentacene would be an obvious comparison for the TIPS-Pn:F8TIPS-Pn mixed crystals, but we are not aware of any reported single-crystal structures for that system. Table S3 .
The Journal of Physical Chemistry C Article The molecular packing of the pentacene:perfluoropentacene blend, which produces crystalline thin films, has not been characterized.
Unlike pentacene and perfluoropentacene, TIPS-Pn and F8TIPS-Pn both crystallize in a β-motif, with only cofacial π−π interactions, and mixed crystals containing both TIPS-Pn and F8TIPS-Pn also exhibit this β-motif packing. 26−28 Relevant packing parameters for each structure are illustrated and plotted against F8TIPS-Pn composition in Figure 2a . The distance between the plane of one molecule and the centroid of its neighbor does not appear to change significantly as the fractional composition of F8TIPS-Pn increases (this distance varies by only 0.251 Å). Additionally, there is no trend in the distance between centroids of neighboring molecules (this distance shifts by only 0.258 Å over the series of crystal structures). The only significant difference across the series is the trend observed in the distances between carbon atoms in adjacent, coplanar terminal acene rings (illustration in Figure  2b ,c,d). This distance increases by approximately 1 Å across the series of structures as F8TIPS-Pn loading increases. This is not surprising, because the van der Waals radius of fluorine is larger than that of hydrogen, and carbon−fluorine bonds are longer than carbon−hydrogen bonds. 37 Similarly, typical H and F atomic volumes calculated over about 10 000 organic crystal structures are 5.4 and 11.5 Å 3 , respectively. 38 A crystal structure of a tetrafluorinated TIPS pentacene derivative (F4TIPS-Pn, shown in Figure 2e ), which shares some similarities with the alloy, has been reported. 26 In F4TIPS-Pn, one terminal ring of the acene core is functionalized with four fluorine atoms. Disorder around the crystallographic inversion center in the reported F4TIPS-Pn structure makes it resemble an alloy with strict 1:1 stoichiometry. The F4TIPS-Pn structure exhibits packing very similar to the alloy series, with centroid−centroid distance of 7.549 Å and a centroid−plane distance of 3.377 Å. The terminal ring spacing for the tetrafluorinated TIPS pentacene structure is 4.471 Å, slightly lower than observed in the alloy structure containing closest to 50% F8TIPS-Pn.
The electronic properties of mixed donor−acceptor crystals depend strongly on the molecular packing and stoichiometry of the crystal. 39, 40 For example, there many known mixed crystals with TCNQ as an acceptor and donors, such as BED-TTFF 41 and perylene, 42 that have many polymorphic forms. Recent work on perylene:TCNQ has found that growth conditions from vapor can strongly affect composition leading to crystals with D:A ratios of 1:1, 2:1, and 3:1 with significantly different structures and transport properties. 42 Our results here differ in that we observe crystallization with varying composition rather than with fixed stoichiometries, most likely due to the structural similarity of the donor and acceptor. It is possible that under different growth conditions other structures may form, particularly in thin films.
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Solution Processed Films. Due to the interest in solution processing of thin films for organic electronics, we also sought to determine if TIPS-Pn and F8TIPS-Pn would form alloys under typical casting conditions for thin films. We chose to deposit the films using blade coating from solutions similar to those used to form the single crystals. While single crystal growth took approximately 1 week, blade coated films took less than 1 min to cast. In order to examine substitutional disorder 200in these films, we cast thin films of both materials as well as mixtures of the two. We then used synchrotron source grazing incidence wide-angle scattering (GIWAXS) with 2D detection to examine the resulting films. We note that different exposure times were used for the different samples in order to avoid saturating the detector; the short exposure times used for the TIPS-Pn film led to the higher background. Because blade coating can induce directional growth in some cases, we first measured X-ray scattering with the beam parallel to the growth direction, then rotated roughly 90°to expose with the beam perpendicular to the growth direction to verify there was no significant anisotropy. The films dried rapidly, as is evident in the optical microscope images in Figure S3 , so the domains are small enough that the beam should sample many domains with a range of in-plane orientations, and thus we expect that scattering data are not biased by preferred orientation.
We analyzed the thin film scattering data for TIPS-Pn (Figure 3a ), a 1:1 blend (Figure 3b) , and F8TIPS-Pn ( Figure  3c ) using our detailed information from single crystals of TIPSPn and F8TIPS-Pn ( Figure S4 , S5, and S6). To better interpret thin film X-ray scattering data that is collected at ambient temperature, we indexed single crystals at ambient temperature. Our assumption is that the gross positions of the molecules do not change, and therefore that relative reflection intensities are what we would predict from the bulk structure (collected at cryogenic temperatures). We found subtle differences in the unit cell parameters due to the collection temperature difference, summarized in Table 1 . In most cases, thermal expansion results in a small increase in unit cell volume; the a axis of F8TIPS-Pn however undergoes a small negative thermal expansion, which has also been reported for pentacene. 43 GIWAXS reveals that, as has been reported for thin films of TIPS-Pn, thin films of F8TIPS-Pn, as well as films containing TIPS-Pn: F8TIPS-Pn blends, exhibit preferred orientation in the out-of-plane direction, with (00l) planes parallel to the substrate. 44 An important consideration is that all materials used in this study crystallize in P1̅ . Due to the triclinic space group, there are no systematic absences. Many reflections correspond to d-spacings less than 0.05 Å −1 apart and appear in the same spatial region of the detector, leading to significant overlap of the scattering peaks. The only progression that does not overlap with other reflections is the (00l) family of peaks. This direction cannot be probed by the area detector in grazing incidence geometry, so out-of-plane X-ray scattering was measured using a point detector.
The molecular packing in a thin film often differs subtly from that in the bulk single-crystal structure, particularly for TIPSPn. 23 Organic materials crystallize into polymorphic forms, and often, the phase observed in thin films can differ from the bulk crystal structures. Polymorphism in thin films has been reported for pentacene, perfluoropentacene, and blends of the two, as well as for TIPS-Pn. 21, 45, 46 Vapor-deposited thin films of The Journal of Physical Chemistry C Article TIPS-Pn have been reported to exhibit a thin film polymorph with packing very similar to that of the bulk structure, and shear-coated thin films of TIPS-Pn have been reported to exhibit multiple polymorphs. 23, 47 These polymorphs have the same packing motif and differ only slightly in their unit cell parameters. Due to such subtle differences in scattering peaks, high-resolution detection of scattering is beneficial to determine their presence.
Analysis of the (00l) specular scattering peaks ( Figures S7  and S8) indicates that drop-cast films of TIPS-Pn, F8TIPS-Pn, and a blend thereof each contain two polymorphs. In the case of TIPS-Pn and the blend film, one polymorph can be attributed to the bulk crystal structure, but thin films of F8TIPS-Pn do not appear to crystallize with the bulk crystal structure. Scattering from the blend film does not correspond well to the thin film polymorphs observed for F8TIPS-Pn or TIPS-Pn under the same casting conditions. This is readily evident from the high-resolution in-plane scattering data in Figure S9 . Due to the texture of the films, peaks in the (00l) progression do not overlap with any other reflections.
Because the crystallites in thin films can have a higher concentration of defects relative to single crystals, blending two materials could, conceivably, lead to long-range cumulative lattice disorder. 48 For example, in bulk heterojunction films used in organic photovoltaics, even if both components are crystalline in neat thin films, multiple phases are prevalent in the blend, and molecular ordering can be strongly affected. 49, 50 The width of the scattering peaks of neat TIPS-Pn and F8TIPS-Pn films provides a baseline for comparison with the blended TIPS-Pn: F8TIPS-Pn film. There are many higher-order reflections apparent in GIWAXS in the blend (Figure 3) . If significant disorder were present, we would expect to see few (if any) higher-order reflections due to broadening. Detailed analysis is complicated by the fact that all unit cells in this investigation are triclinic, and two polymorphs are present in each thin film. It is important to note that the Miller indices listed for reflections in Table S2 are estimates based on simulated scattering data using bulk unit cells at ambient temperature (Table 1 ). The diffraction patterns for TIPS-Pn and the mixed films correspond well to simulation, but for F8TIPS-Pn, the thin film unit cell dimensions and structure factors are significantly different. Therefore, we selected reflections for F8TIPS-Pn that were in the same region of the detector as selected reflections for TIPS-Pn and the mixed films, and that were also sufficiently intense. While we attempted to select reflections that were sufficiently isolated (according to bulk structures) to be well-resolved, the peak widths may still be overestimated, and therefore coherence lengths in Figure 4 are likely underestimated.
Analysis of peak breadth by order for reflections in selected regions of each diffraction pattern indicates that the alloy film exhibits disorder comparable to that observed in TIPS-Pn and F8TIPS. Cumulative fluctuations in lattice positions shorten the length over which the lattice is coherent; broader peaks indicate greater variation in the lattice plane parameter in a particular crystallographic direction. Different polymorphs of the same material can exhibit different coherence lengths for the same lattice planefor example, peak breadths differ slightly for both TIPS-Pn peaks in region B, which we believe to be the (211) reflections for the bulk phase and the thin film polymorph. In region i of the scattering pattern (Figure 3) , the peak widths for the alloy film are slightly broader than those observed for TIPSPn or F8TIPS-Pn (Table S2) . In regions ii, iii, and iv, however, the alloy film exhibits coherence lengths on the same order as F8TIPS-Pn. Only one reflection was observed for TIPS-Pn in regions i (010) and iii (032), although we do also expect to see a second peak contributed by the other polymorphwe are unable to resolve these reflections. Uncertainty in peak fitting arises when reflections overlap significantly, as is the case here. From variation in fwhm from repeatedly fitting the same two overlapping peaks, we can establish that coherence lengths for the alloy are not significantly different than those for TIPS-Pn and F8TIPS-Pnthey are within uncertainty. This is not surprising, given that we were able to grow mixed crystals with a wide range of F8TIPS-Pn composition.
In contrast with TIPS-Pn:F8TIPS-Pn blends, pentacene:perfluoropentacene thin films have been reported to grow as mixed phases with strict 1:1 stoichiometry. 45, 51 Co-deposited pentacene:perfluoropentacene thin films exhibit more microstrain and smaller island sizes than films of the neat materials. 21, 45 Additionally, the low intensity of the higherorder reflections and the breadth of the in-plane scattering peaks suggest that long-range order is perturbed. 45 By contrast, our results show similar coherence lengths (within experimental error) for TIPS-Pn, F8TIPS-Pn, and mixed films. The bulky TIPS substituents give TIPS-Pn and F8TIPS-Pn a higher degree of isostructurality than pentacene and perfluoropentacene. Increased geometric similarity should lead to less perturbation of long-range order in mixed TIPS-Pn:F8TIPS-Pn films, and the two compounds should be miscible over a greater composition range than pentacene:perfluoropentacene. 9 An analysis of molecular geometry with respect to packing, conducted using the XPac software, confirms this suspicion with a quantitative dissimilarity index. 52 The dissimilarity index compares the angles and interplanar spacings between two or more crystal structures, and returns a value near 0 in the case of isostructurality. Polymorphs with similar packing often dissimilarity indices on the order of 10 or lower; compounds in which significant geometric differences (such as large vs small substituent size) exhibit large dissimilarity indices, if any similarity can be found at all. 52, 53 Comparing the 22 carbon atoms in the acene core of TIPS-Pn and F8TIPS-Pn using XPac returns a dissimilarity index of 4.0, whereas comparing the same 22 carbon atoms between pentacene and perfluoropentacene yields a large dissimilarity index of 12.5. The van der Waals radius of fluorine is larger than that of hydrogen, and the C−F bond is longer than the C−H bond. However, pentacene and perfluoropentacene are smaller molecules than their silylethy- The Journal of Physical Chemistry C Article nylated counterparts; the TIPS substituents in TIPS-Pn and F8TIPS-Pn impart so much volume that structural differences resulting from the substitution of fluorine for hydrogen have much less impact on packing.
Electronic Structure of Donor−Acceptor Alloys. The electronic interactions between TIPS-Pn and F8TIPS-Pn are expected to influence optical properties in the bulk crystals and thin films. Photoluminescence is a good probe of charge transfer interactions, as reported previously for Pn/FPn. 54 Unfortunately, TIPS-Pn is not strongly photoluminescent in the solid state.
22 F8TIPS-Pn suffers the same problem in the solid state, and also has a fluorescence quantum yield below the detection limit of our equipment, even when measurements on thin films are conducted with the aid of an integrating sphere. These limitations leave UV/vis spectroscopy as the best method for probing electronic interactions between the two compounds.
UV−vis spectroscopy provides further evidence for mixing, rather than phase separation, of TIPS-Pn and F8TIPS-Pn in thin films. The spectra indicate that the absorption edges of the mixed films (1.53 eV for the 1:1 blend) were slightly red-shifted relative to the absorption edges of TIPS-Pn (1.62 eV) and F8TIPS-Pn (1.72 eV) films (Figure 5a ). Absorption below 1.6 eV for the mixed film could indicate photoexcitation of a charge transfer transition from TIPS-Pn to F8TIPS-Pn, based on the CV-determined HOMO and LUMO levels of TIPS-Pn and F8TIPS-Pn (Figure 5b ). This is thought to result from throughspace electronic interactions between adjacent TIPS-Pn and F8TIPS-Pn molecules that perturb the frontier molecular orbital energy levels. It is also important to note that, as shown in Figure S11 , the mixed film spectra did not fit any linear combination of TIPS-Pn and F8TIPS-Pn spectra, which provides further evidence for homogeneous mixing of the two molecules, rather than phase separation of domains, within the thin films. Comparable shifts in the optical spectra have been observed in 1:1 co-crystals of distyrylbenzene derivatives. 6 Donor−acceptor co-crystals may exist as either ionic or neutral structures with mixed stack crystals tending to the neutral form and side-by-side layers tending to the ionic form (charge transfer salts). 39 The slip-stacked structure here is essentially a mixed stack donor−acceptor structure. The transition from neutral to ionic form has been shown to depend on (IE − EA) − E M , where E M is the Madelung energy for the crystal structure. 55, 56 In the case here, the (IE − EA) is large, ∼1.7 eV, but we do observe significant change in the optical absorption with a weak charge-transfer band. Charge transfer bands with small oscillator strengths are common at organic interfaces in solar cells that have weakly electronically coupled donors and acceptors with similar energetic offsets. 57, 58 To further understand the electronic interactions in the alloy crystal, we have used a cluster model to simulate the 1:1 alloy of TIPS-Pn and F8TIPS-Pn using density functional theory (DFT). The model places TIPS-Pn and F8TIPS-Pn with a separation of 3.4 Å and a shift of 6.7 Å along the molecular axis and also by 0.71 Å laterally as seen in experimental structure. The dimer was further optimized using DFT methods at the allelectron level with Perdew−Burke−Ernzerhof exchange correlation functional. 59 These calculations are done using the NRLMOL code, which uses a large Gaussian basis set optimized for the PBE functional. 60−63 The basis set satisfies the Z 10/3 theorem that is necessary for chemically accurate converged core-level energies and is expected to provide energies that are close to converged numerical energies. 64 We have computed the total energies of the ionic clusters at the geometry of the neutral clusters to study the quasi-particle (QP) gaps. These results are presented in Table 3 . In the TIPSPn:F8TIPS-Pn alloy dimer, the vertical ionization energy is only 0.07 eV less than that of a TIPS-Pn molecule, and similarly the vertical electron affinity is 0.04 eV higher than for a F8TIPS-Pn molecule. These values are obtained in the gas The Journal of Physical Chemistry C Article phase and therefore differ from the experimental values obtained with cyclic voltammetry measurements where solvent stabilizes the ions. In this dimer the HOMO and LUMO are localized on the TIPS-Pn and F8TIPS-Pn components. The quasi-particle gap in the dimer is 3.36 eV at the PBE level (Table 3) . To examine whether the dimer shows evidence of charge transfer, we used a Voronoi scheme, 65 which splits the molecular volume into atomic volumes, natural population analysis (NPA), 66 and a fragment charge decomposition scheme where the total molecular orbital is expressed as a combination of constituent fragment orbitals. 67 All of these schemes show very little charge transfer from TIPS-Pn to F8TIPS-Pn (0.025 e from Voronoi and 0 from NPA, 0.01 e from fragment analysis using both the NRLMOL and Gaussian09 codes).
The polarization due to the surrounding molecules in the solid state will affect the energy levels and we studied the impact of this deficiency in the dimer model using large clusters. In general, the polarization effect tends to increase the electron affinity and lower the ionization energy. To gauge the effect of neighboring molecules, we have computed the quasiparticle gaps to see its trend as the cluster size increases. The ionization energy of the pure TIPS-Pn dimer is reduced and similarly the electron affinity of the pure F8TIPS-Pn dimer increases compared to the monomers (Table 3) . Similar trends are also seen in TIPS-Pn:F8TIPS-Pn:TIPS-Pn and F8TIPS-Pn:TIPS-Pn:F8TIPS-Pn trimers, as well as in a TIPSPn:F8TIPS-Pn:TIPS-Pn:F8TIPS-Pn tetramer. For the tetramer the QP gap reduces to 2.42 eV. These calculations show the effect of the intermolecular interactions in the pentacene alloys and highlight the necessity to consider larger cluster models.
We have further calculated the singlet excitation energies of the TIPS-Pn:F8TIPS-Pn alloy dimer using the time-dependent DFT (TDDFT) method as implemented in the Gaussian09 code. 68 The computational cost of TDDFT calculations limited us to consider only the dimer model with 6-31G* basis. We have used different exchange-correlation functionals to check for the effect of exact exchange as well as the long-range nature of the functionals on the excitations. The lowest optical excitations with sizable oscillator strengths obtained with various exchange-correlation functionals are presented in Table 4 . This excitation is generally a mixture of excitations from the HOMO and HOMO−1 to the LUMO and LUMO+1 orbitals. The excitation energies and the mixture of excitations depend heavily on the choice of exchange-correlation functional. The excitation energy extends over an energy range of nearly 0.6 eV. To qualitatively understand the effect of the exchange-correlation functionals, we also included the negative of the HOMO eigenvalue in Table 4 for the various functionals used here as a measure of the predicted ionization potential.
The long-range part of the functionals that are corrected to describe the charge transfer excitations can also improve the HOMO eigenvalues. It was found that the recent long-range corrected functionals give orbital energies in quantitative agreement with experiment for finite systems, mostly due to improved behavior of the functionals with the number of electrons. 69, 70 We have noted that the HOMO eigenvalue of the dimer obtained from the PBE functional is lower than the theoretical value for the dimer, whereas the eigenvalues obtained with wB97, wB97XD, wB97X, LC-wPBE, and LC-BLYP are much higher (Table 4) . 59,71−76 The CAM-B3LYP functional yields a value of 5.58 eV, which is closer to the experimental and theoretical value from Table 2 . 77 This result shows that the asymptotic description of the exchangecorrelation functional in the CAM-B3LYP is adequate to describe both the charge transfer excitations and the eigenvalues, and the optical excitation energies are in better agreement with the experimental values compared to the other functionals used here. Inclusion of exact exchange leads to better asymptotic behavior of the DFT potential. Earlier work by Sini et al. has shown that the inclusion of the exact exchange is crucial to obtain reliable properties such as HOMO−LUMO gaps and ground-state charge transfer for molecular crystals. 78 
■ CONCLUSIONS
Co-crystals of organic semiconductors can reveal electronic donor−acceptor interactions in the solid state. We find that TIPS-Pn and F8TIPS-Pn can crystallize as an alloy from both bulk growth from solution and in blade-cast thin films. While the mixed crystalline phases of pentacene:perfluoropentacene blends are reportedly 1:1 stoichiometric mixtures, our data indicate that the structure of TIPS-Pn:F8TIPS-Pn mixed crystals changes continuously with increasing F8TIPS-Pn fraction. 45, 51 Within experimental error, solution cast thin films of TIPS-Pn:F8TIPS-Pn do not show significant broadening of X-ray scattering peaks relative to neat films, which we attribute to the geometric similarity between the two compounds. Optical measurements of the mixed films reveal a red-shifted absorption edge relative to their constituents. The absorption spectra of mixed films cannot be fit to any linear combination of the parent films, indicating that there is little phase separation into pure components. While the photoluminescence quantum yield is low for these materials in the solid state, this system is a good candidate for study of charge generation methods such as transient absorption spectroscopy 79−81 or microwave conductivity.
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